Introduction
============

Diffuse axonal injury (DAI) is the most common pathological feature of traumatic brain injury (TBI) due to high mortality and morbidity rates following injury ([@b1-mmr-15-05-3001]). DAI typically results from head rotational acceleration/deceleration following impact, and is characterized by swellings or varicosities of axons and large terminal bulbs ([@b2-mmr-15-05-3001],[@b3-mmr-15-05-3001]). The clinical manifestation of DAI in the long term includes: Disorders of consciousness, difficult clinical diagnosis and bad prognosis, often resulting for vehicle collisions, blast exposure and falls ([@b4-mmr-15-05-3001],[@b5-mmr-15-05-3001]). Although diffusion tensor imaging (DTI) has long been regarded as a valuable technique for evaluating the white matter injury following DAI in clinic ([@b6-mmr-15-05-3001]--[@b8-mmr-15-05-3001]), there remain no suitably effective drugs to attenuate the formation and progression of DAI in patients.

Neuronal apoptosis is a major contributor to the secondary neuronal injury following TBI through multiple cellular mechanisms, including Ca^2+^ overload, production of reactive oxygen/nitrogen species ([@b9-mmr-15-05-3001]--[@b12-mmr-15-05-3001]) and glutamate-mediated excitotoxicity ([@b13-mmr-15-05-3001],[@b14-mmr-15-05-3001]). Axonal injury is a common consequence of TBI ([@b15-mmr-15-05-3001]). The characteristic axonal pathological changes include axonal swelling and distortion, the formation of axonal bulbs, and axotomy ([@b16-mmr-15-05-3001],[@b17-mmr-15-05-3001]). Therefore, treatment with an agent that has the ability to inhibit the resulting neuronal apoptosis and axonal injury may potentially improve multiple aspects of the response of the brain to trauma.

FK506 (also known as tacrolimus) is an immunosuppressive drug, frequently used in the field of transplantation medicine in order to reduce allograft rejection. Using a middle cerebral artery occlusion model, the neuroprotection of FK506 was demonstrated to act via inhibition of apoptotic and necrotic cell death, suppression of microglia activation and alterations in cytokine expression, including interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α ([@b18-mmr-15-05-3001]). A previous study identified that FK506 may be able to inhibit neuronal apoptosis by maintaining Bcl-2-associated agonist of cell death protein turnover, inhibiting cytochrome C release from mitochondria ([@b19-mmr-15-05-3001]), and inhibiting the release of arachidonic acid ([@b20-mmr-15-05-3001]). In addition, studies have demonstrated that FK506 may attenuate the axonal injury and improve axonal survival or regeneration by inhibiting the calcineurin (CaN) activity or the post-traumatic compound action potential after TBI ([@b21-mmr-15-05-3001]--[@b23-mmr-15-05-3001]).

Death-associated protein kinase 1 (DAPK1) is a novel and specific cell death signaling molecule, which is directly linked to glutamate receptor channels ([@b24-mmr-15-05-3001]). It is a newly-identified Ca^2+^/calmodulin-dependent serine/threonine protein kinase ([@b25-mmr-15-05-3001]) that serves a role in several modes of cell death, including apoptosis and autophagy ([@b26-mmr-15-05-3001]).

Growth-associated protein-43 (GAP-43) is a specific phosphatase protein in the vertebrate nerve cell membrane, which is closely related to neural development, axonal plasticity and synaptic remodeling ([@b27-mmr-15-05-3001]). Several studies have demonstrated that GAP-43 is upregulated in nerve regeneration ([@b28-mmr-15-05-3001]) and plasticity following TBI in rat models ([@b29-mmr-15-05-3001]). Neurofilament-H (NF-H) is the most abundant protein component of neurons and is released in large amounts from damaged or dying neurons ([@b30-mmr-15-05-3001]). NF-H is relatively simple to detect as a predictive biomarker of the outcome following TBI ([@b31-mmr-15-05-3001]). Furthermore, NF-H only exists in the axons, not in the neuronal cell bodies in physiological condition. Following TBI, the neuronal cells synthesize a large amount of NF-H, to adapt to the need of nerve regeneration. Therefore, it could not only reflect the neuronal function, but also reflect the situation of neurite regeneration ([@b30-mmr-15-05-3001],[@b31-mmr-15-05-3001]).

As a result of previous studies, the present study hypothesized that FK506 may be therapeutically efficacious in neuronal apoptosis and axonal injury following ischemia or nerve trauma. To the best of our knowledge, the present study is the first to have examined the possible functional role of FK506 in neuronal apoptosis or regeneration following experimental DAI. Neuronal apoptosis and axonal pathological alterations were examined in a rat model, following induction of DAI via lateral head rotation trauma. Furthermore, the protective effects of FK506 on brain injury following DAI were investigated.

Materials and methods
=====================

### Model of DAI in vivo and treatments

A total of 90 healthy, adult male Sprague-Dawley rats (weight, 250--300 g, 8--10 weeks of age), with the same genetic background, were obtained from the Animal Experimental Center of Medical College of Xi\'an Jiaotong University (License number SCXK (Shaanxi) 2007-001). All animals received humane care in compliance with the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health (publication no. 80--23). Experimental and surgical procedures, as well as post-operative care were each approved by the Biomedical Ethics Committee of Medical College of Xi\'an Jiaotong University (Xi\'an, China). Animals were housed and fed in a temperature- and humidity-controlled environment with a standardized light-dark cycle (12 h/12 h). Food and water were available ad libitum.

Rats were randomly divided into three groups: A control group (Sham group, n=30), a DAI/vehicle-treated group (DAI+Vehicle group, n=30) and a DAI/FK506-treated group (DAI+FK506 group, n=30). Each of the groups was randomly divided into three subgroups that represented 1, 3 and 7 days post-injury (PI). The present study involved the establishment of a DAI model in rats by lateral head rotation device ([@b32-mmr-15-05-3001]), which was modified from the Xiaosheng *et al* ([@b33-mmr-15-05-3001],[@b34-mmr-15-05-3001]). All rats in DAI+Vehicle and DAI+FK506 groups after weighting were anesthetized by intraperitoneal injection of chloral hydrate (30 mg/kg) and placed in the prone position. Following anesthesia, the head of the rats were fixed in the rat instant head rotating injury device, the rat head was horizontally secured to the lateral head rotation device by two lateral ear bars, a head clip and an anterior teeth hole, with its body 30° oblique to the top of the laboratory table. For the injury group, following pushing the trigger, the device rapidly rotated the rat head through a 90° angle laterally (i.e., in the coronal plane). The rats were placed in separated cages, maintaining the room temperature between 18 and 26°C and the indoor relative humidity at 40--70%. Primary coma was observed in all injured rats. Rats that succumbed to their injuries were excluded and later replaced by new rats. Control rats (Sham group) only underwent anesthesia and were fixed to the device, but were not subjected to injury.

Animals also received either FK506 or a vehicle (0.9% sterile saline) delivered intravenously 30 min pre-DAI. A single 3 mg/kg of FK506 in 0.9% sterile saline to a total volume of 1.0 ml was infused over a 10 min period to ensure that the rate of injection did not significantly elevate MABP ([@b21-mmr-15-05-3001],[@b22-mmr-15-05-3001]). The vehicle was administrated using the same protocol. FK506 (Tacrolimus) was purchased from Abcam (Cambridge, UK; cat. no. ab120223).

### Embedding and sectioning

Euthanasia was conducted at 1, 3 and 7 days post-injury following being freed from the injury device. Rats in the Sham-operated group were euthanized at the same times. Half of the rats (n=45) were sacrificed and perfused with 250 ml of normal saline only. The brain stem and the hippocampus were collected for western blotting. The remaining rats (n=45) were sacrificed and perfused with 250 ml of normal saline followed by 400 ml of 4% paraformaldehyde in 0.01 M PBS. The whole brain removed and post-fixed in 4% paraformaldehyde solution, dehydrated via a graded ethanol series, vitrified with dimethyl benzene, embedded with paraffin and sectioned into 10 µm thick sections using a microtome. A total of five sections, including the hippocampus tissue and brain stem tissue from each animal, were randomly chosen and mounted on poly-L-lysine coated slides (cat. no. P4981; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for Glees-Marsland Silver staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, immunofluorescence and immunohistochemical staining.

### Immuohistochemistry

The brain sections were deparaffinized in xylene and hydrated in a decreasing gradient of alcohol to distilled water. Endogenous peroxidase activity was blocked with 3% H~2~O~2~ for 5 min, followed by a brief rinse in distilled water and a 15 min wash in PBS. Sections were placed in 0.01 mol/l citrate buffer (pH 7.2) and heated in a microwave oven at 95°C for 30 min. Sections were cooled at room temperature for 20 min and rinsed again in PBS. Non-specific protein binding was blocked by 30 min of incubation in normal goat serum (cat. no. 16210064; Gibco; Thermo Fisher Scientific, Inc.) at room temperature, followed by incubation with primary antibodies: Rabbit anti-DAPK1 monoclonal antibody (dilution, 1:500; cat. no. 3798-1; Epitomics, Burlingame, CA, USA), mouse anti-NF-H monoclonal antibody (dilution, 1:200; cat. no. 2836; Cell Signaling Technology, Inc., Danvers, MA, USA) and mouse anti-GAP-43 monoclonal antibody (dilution, 1:500; cat. no. sc-33705; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 24 h at 4°C, followed by a 15 min wash in PBS. Sections were then incubated with goat anti-rabbit (dilution, 1:200; cat. no. 31460; Thermo Fisher Scientific, Inc.) or goat anti-mouse IgG-biotin (dilution, 1:200; cat. no. 31431; Thermo Fisher Scientific, Inc.) for 30 min at 37°C, and sections were washed with PBS for 15 min following each step. Diaminobenzidine was used as the chromogen, and hematoxylin was used as the counterstain. Sections incubated with PBS in the absence of primary antibodies were used as negative controls. Microscopic observation of the stained sections was performed by an experienced pathologist blind to the experimental conditions. The immunoreactivity of all of the molecular markers was analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) in five microscopic fields (magnification, ×200).

### Glees-Marsland Silver staining

The brain paraffin-embedded sections at 1 day post-injury were examined by Glees-Marsland Silver staining methods as previously described ([@b35-mmr-15-05-3001],[@b36-mmr-15-05-3001]). Nerve fibers were stained black. In each slice, five microscopic fields (magnification, ×400) were randomly selected and their images captured.

### TUNEL staining

The brain paraffin-embedded sections were also examined by TUNEL assay using the DeadEnd colorimetric TUNEL system detection kit (cat. no. G7130; Promega Corporation, Madison, WI, USA) as described previously ([@b37-mmr-15-05-3001]). Brain tissue sections were initially deparaffinized with xylene, rehydrated through descending concentrations of ethanol and rinsed for 15 min in 0.1 M PBS and then treated with 20 µg/ml of Proteinase K for 20 min at room temperature. Samples were treated with 3% H~2~O~2~ in methanol for 20 min to inactivate endogenous peroxidase. Following washing with PBS, specimens were incubated in the rTdT reaction mixture (100 µl; combining 98 µl of Equilibration Buffer, 1 µl of Biotinylated Nucleotide Mix and 1 µl of rTdT Enzyme) at 4°C overnight. Following incubation, all the sections were rinsed in PBS and incubated with horseradish peroxidase (dilution, 1:500) for 30 min at room temperature. Then, the sections were washed extensively with PBS for 5 min and treated with DAB solution (30 mg DAB and 200 µl H~2~O~2~/100 ml PBS) for 10 min at room temperature in the dark. Following washing under running water, all the sections were counterstained with hematoxylin for 30 sec. Finally, the sections were dehydrated in increasing graded ethanol, cleared in xylene and mounted with a cover slip. With this method, apoptotic nuclei were identified by the presence dark brown staining.

### Immunofluorescence staining

The brain tissue sections were de-paraffinized in xylene and hydrated in a decreasing gradient of alcohol to distilled water as above. Then sections were blocked with 10% normal serum blocking solution species the same as the secondary antibody, containing 3% (w/v) BSA, 0.1% Triton X-100, and 0.05% Tween-20 2 h at room temperature in order to avoid unspecific staining. The brain sections were incubated with primary antibodies for anti-NF-H mouse monoclonal antibody (dilution, 1:400; cat. no. 2836; Cell Signaling Technology, Inc.) overnight at 4°C. Then sections were incubated with fluorescein isothiocyanate conjugated (FITC)-secondary antibody (goat anti-mouse; 1:500, cat. no. A24513; Invitrogen; Thermo Fisher Scientific, Inc.) for 2 h at room temperature. Sections were covered with DAPI (0.1 mg/ml in PBS; cat. no. ab104139; Abcam, Cambridge, MA, USA) for 40 min at room temperature and subsequently examined with a Leica fluorescence microscope (DM5000B; Leica Microsystems GmbH, Wetzlar, Germany).

### Western blot analysis

Total protein was isolated from rat brain stem and hippocampus tissues using ice-cold radioimmunoprecipitation assay buffer (cat. no. 89900; Thermo Fisher Scientific, Inc). Total protein concentrations were measured using the BCA Protein Assay kit (cat. no. 23229; Thermo Fisher Scientific, Inc.). Samples (60 µg/lane) were separated on an SDS gel (8% for DAPK1 or 10% for GAP43 and β-actin) and electrotransferred onto polyvinylidene difluoride membranes. Following incubation for 2 h in a blocking solution \[5% non-fat milk in 20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20 (TBST)\], membranes were blotted with primary antibodies against DAPK1 (dilution, 1:1,000; cat. no. 3798-1; Epitomics), GAP-43 (dilution, 1:1,000; cat. no. sc-33705; Santa Cruz Biotechnology, Inc.) or β-actin (dilution, 1:1,000; cat. no. ab8226; Abcam) overnight at 4°C. Following extensive washing with TBST buffer, membranes were incubated with HRP-conjugated anti-rabbit/mouse secondary antibodies (1:1,000; cat. no. 31460/31430; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Specific bands were detected using a ECL Western Blotting Detection System (cat. no. WBKLS0100; EMD Millipore, Billerica, MA, USA). Western blotting was performed in at least six independent experiments. Membranes were scanned and the density of the bands analyzed with Quantity one software (version 4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Statistical analysis

SPSS software (version, 18.0; SPSS Inc., Chicago, IL, USA) was used for statistical analyses. All data were presented as mean ± standard error of the mean (n=5). Comparisons among multiple groups were performed using one-way analysis of variance. Comparisons between the two groups were performed using Fisher\'s Least Significant Difference test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### General observation

No animals succumbed to the treatments in the Sham groups, and no obvious neurological deficits were observed. However, a series of neurological symptoms had been discovered in the rats following DAI, including the disturbance of consciousness, reduction of physical activity, a weakened response to stimulation, drowsiness, instability in walking, weakened balance ability, loss of weight and even paralysis of limbs. Both Glees-Marsland silver staining and immunocytochemical experiments for NF-H demonstrated well changes of the axonal pathology. The rat brain tissue of the normal control group under the light microscope demonstrated that the nerve axons were smooth, with uniform thickness and arranged closely in the cerebral white matter, however the DAI model group in cerebral white matter present visible tortuous and swollen axons, even the axonal fracture and axonal ball formation ([Fig. 1A and B](#f1-mmr-15-05-3001){ref-type="fig"}). These results suggested that the DAI model was successfully established, allowing its use in the subsequent experiment. In addition, the pathological changes in axons were attenuated significantly in the FK506 group when compared with the DAI+Vehicle group (both P\<0.05; [Fig. 1C and D](#f1-mmr-15-05-3001){ref-type="fig"}).

### Immunocytochemical analysis of DAPK1

The expression of DAPK1 through immunohistochemical analysis was examined ([Fig. 2](#f2-mmr-15-05-3001){ref-type="fig"}). The results demonstrated that DAPK1 was primarily localized to the cytoplasm of the hippocampal CA1 and brain stem regions. DAPK1 exhibited low expression in the Sham-treated group ([Fig. 2A and D](#f2-mmr-15-05-3001){ref-type="fig"}). In the DAI+Vehicle group, the positive cell number of DAPK1 was significantly increased at 24 h post-injury when compared with the Sham group, reaching a peak at day 3, before decreasing at day 7 (all P\<0.05; [Fig. 2B, E, G and H](#f2-mmr-15-05-3001){ref-type="fig"}). The intervention by FK506 significantly decreased the positive cell number of DAPK1 at each time point, when compared with the DAI+Vehicle group (all P\<0.05; [Fig. 2C, F, G and H](#f2-mmr-15-05-3001){ref-type="fig"}).

### TUNEL Staining

TUNEL staining labels apoptotic cells directly, with normal cells stained in blue, and apoptotic cells stained in brown ([Fig. 3](#f3-mmr-15-05-3001){ref-type="fig"}). The results indicated that there were \~0 positive neurons in the hippocampus and brain stem of the Sham group ([Fig. 3A and D](#f3-mmr-15-05-3001){ref-type="fig"}). The number of TUNEL-positive cells in the DAI+Vehicle group was increased compared with the Sham groups ([Fig. 3B, E and G](#f3-mmr-15-05-3001){ref-type="fig"}), but decreased in the FK506 group ([Fig. 3C, F and G](#f3-mmr-15-05-3001){ref-type="fig"}).

### Immunocytochemical analysis for NF-H

The expression of NF-H was evaluated through immunohistochemical and immunofluorescence staining ([Fig. 4](#f4-mmr-15-05-3001){ref-type="fig"}). The results indicated that NF-H was mainly localized in the axons in the hippocampal CA1 region, as well as the brain stem region. NF-H was lowly expressed in the Sham-treated group ([Fig. 4A, D, G, J and M and N](#f4-mmr-15-05-3001){ref-type="fig"}). Following DAI, the expression of positive NF-H was increased and to peak at 1 day post-injury, then gradually reduced at days 3 and 7 ([Fig. 4B, E, H, K, M and N](#f4-mmr-15-05-3001){ref-type="fig"}). However, following the intervention of FK506, this may increase the expression of positive NF-H at each time point, and could even be able to maintain a high-level expression of NF-H at day 3 post-injury ([Fig. 4C, F, I, L, M and N](#f4-mmr-15-05-3001){ref-type="fig"}).

### Expression of GAP-43 after DAI

Western blot analysis revealed a significant upregulation of GAP-43 in the DAI group when compared with the control and Sham groups ([Fig. 5](#f5-mmr-15-05-3001){ref-type="fig"}). In addition, a gradual increase of GAP-43 expression was observed until it reached a peak 7 days post-injury in the hippocampus and following DAI. When FK506 was administered, western blot analysis revealed that FK506 induced a upregulation of GAP-43 expression when compared with the levels detected in the DAI and vehicle group ([Fig. 5A, B, I and J](#f5-mmr-15-05-3001){ref-type="fig"}). The expression of GAP-43 in the normal rat brain was low, as demonstrated by immunohistochemistry staining. Following DAI, there was observation of GAP-43 protein assembled in the membrane of neuronal cells and neuropil, and the expression of GAP-43 was highest at day 7 in the hippocampus and at day 3 in the brainstem. In addition, administration of the FK506 caused the peak of the expression to advance to day 1 post-injury and maintained a high-level of expression at day 3 ([Fig. 5C-H](#f5-mmr-15-05-3001){ref-type="fig"}).

Discussion
==========

In DAI, the axonal degeneration resulted from the stretching and shearing force, caused by the rapid and sudden acceleration or deceleration of the brain tissue during a traumatic event. The secondary injury manifests as a series of dynamic metabolic imbalances, including loss of ionic homeostasis, injury of reactive oxygen, production of excitotoxicity and overload of Ca^2+^, which ultimately resulted in neuronal cell death and axonal injury ([@b10-mmr-15-05-3001],[@b32-mmr-15-05-3001],[@b38-mmr-15-05-3001],[@b39-mmr-15-05-3001]). DAI in the brain may cause neurologic and cognitive impairments, reflected in consciousness and personality alteration. There have been few treatments that have been proven to be effective for DAI patients ([@b38-mmr-15-05-3001]). In the present study, the molecular mechanism underlying the neuroprotective actions of FK506 was investigated, examining the neuronal cell death and axonal injury in the affected rat brain. The DAI model for the current study was based on the DAI modeling device developed by Xiaosheng *et al* ([@b33-mmr-15-05-3001],[@b34-mmr-15-05-3001]), which was established by instant rotational acceleration ([@b32-mmr-15-05-3001]). In addition, axonal pathological changes in the hippocampus and brainstem were observed using Glees-Marsland silver staining and immunohistochemistry staining of NF-H. Specific pathological alterations were observed in axons associated with DAI, including nerve axonal varicose, swelling, fracture and retraction. The reticular formation of brainstem has the function of maintaining the biological consciousness, so the degree of axonal injury in the DAI-affected brain may seriously affect the degree of consciousness, which is consistent with the severity of the disorder in the clinic. However, in the present study, FK506 was identified to significantly reduce the axonal pathological changes following DAI, which may be associated with the activity of CaN and MPT ([@b21-mmr-15-05-3001]).

It has been recognized that apoptotic cell death serves a key role in neuronal cell death in TBI ([@b40-mmr-15-05-3001],[@b41-mmr-15-05-3001]), and that limiting the apoptotic cascades following DAI may result in decreased mortality rates, improve functional outcome scores, shorter hospital stays and decrease the charges for healthcare ([@b10-mmr-15-05-3001],[@b38-mmr-15-05-3001],[@b39-mmr-15-05-3001]). In the present study, the aim was to evaluate the effect of FK506 on the apoptotic cell death pathway following DAI, the expression of DAPK1 was analyzed, and measured the number of TUNEL-positive cells in the hippocampal CA1 region and brainstem. The authors identified that the expression of DAPK1 was significantly increased following DAI, and the apoptosis of neurons in hippocampus and brainstem was significantly increased at the same time. Previous studies indicated that DAPK1 serves a significant role in several modes of cell death, including apoptosis and autophagy ([@b26-mmr-15-05-3001]). The apoptosis induced by DAPK1 is involved in Fas- ([@b42-mmr-15-05-3001]), interferon-γ-, TNF- ([@b43-mmr-15-05-3001]), ceramide- ([@b26-mmr-15-05-3001]), and p53- ([@b44-mmr-15-05-3001],[@b45-mmr-15-05-3001]) mediated apoptosis, as well as in the disruption of matrix survival signals and suppression of integrin-mediated cell adhesion. DAPK1 appeared to function early in the apoptotic pathway prior to the commitment of the cells to apoptosis. In the developing and adult central nervous system, DAPK1 mRNA is widely expressed in proliferative regions within the cerebral cortex and hippocampus ([@b43-mmr-15-05-3001]). In addition, inhibition of DAPK1 with a selective inhibitor attenuates hypoxia-ischemia-induced acute brain injury ([@b45-mmr-15-05-3001]). DAPK1 controls a range of key signaling and cell death pathways as a molecular switch, and also has been suggested to have an important role in excitotoxicity ([@b45-mmr-15-05-3001]--[@b47-mmr-15-05-3001]). Emerging evidence suggests that inhibition of DAPK1, which prevents excessive NMDA receptor (R) activation without interfering with physiological functions, provides neuroprotection in animal models of adult stroke ([@b24-mmr-15-05-3001],[@b48-mmr-15-05-3001]). NMDAR activation influences neuronal proliferation and survival and is involved in synapse formation, function and plasticity. In cell signal transduction, the CaN activated by Ca^2+^ and CaM was necessary for the dephosphorylation of DAPK1 in neural cell apoptosis ([@b49-mmr-15-05-3001]--[@b51-mmr-15-05-3001]), so the activation of DAPK1 was required the CaN. Fortunately, CaN is the target protein of the immunosuppressant FK506 ([@b52-mmr-15-05-3001]). In the present study, the authors hypothesized the neuronal cell apoptosis observed following the induction of experimental DAI, and its possible association with the upregulation of DAPK1. FK506 was able to inhibit the activity of DAPK1. Ameliorating the effect of FK506 primarily reduced the amount of neuronal cell death and the expression of DAPK1. Therefore, FK506 was able to inhibit the activation and the expression of DAPK1 and decrease neuronal cell death, which serves a crucial role in neuroprotection following DAI. The process began as early as 1 day post-injury, which indicated that FK506 could inhibit the neuronal apoptosis in the early stage of DAI injury.

NF-H is a structural protein that constitutes a skeletal structure of the nervous cell body and axis, and it may be used as an indicator of the function of the neuron and an indirect indicator of axon regeneration ([@b53-mmr-15-05-3001]). NF-H only exists in the axon under physiological conditions, not in the neuron body. However, the neuron induces a large amount of synthesis of NF-H following the TBI, in order to adapt to the demand of nerve regeneration ([@b31-mmr-15-05-3001]). This reflects the neural function and may reflect the condition of axon regeneration. In our study, the expression of NF-H in the FK506-intervention group was significantly increased than that in DAI group, and the peak expression appeared in advance and lasted longer. FK506 may have increased the synthesis of NF-H, accelerated the regeneration of nerve cells, and promoted the repair of nerve tissue following DAI. The mechanism may be associated with the decrease of T lymphocyte infiltration and destruction, and the inhibition of the apoptosis of neurons. Furthermore, in the present study, immunohistochemistry was carried out on NF-H to identify the pathological alterations to axons following DAI, especially in the early stage of 1 day post-injury. There was a large amount of axonal swelling and axonal retraction ball formation in the damaged regions of the hippocampus and brainstem following DAI. In the FK506-intervention groups, the pathological alterations to axons were markedly improved. Although how the precise mechanism of this axonal protection occurs is not well understood, it has been assumed that FK506 may act by reducing mitochondrial permeability transition, inhibiting CaN activity ([@b22-mmr-15-05-3001]) and increasing the amount of the active form of the GAP-43 in neurons ([@b54-mmr-15-05-3001]).

GAP-43 is a form of nervous tissue-specific protein that is highly expressed in neurons during development and nerve regeneration, which has proven to be implicated in neurite outgrowth, long-term potentiation, signal transduction and neurotansmitter release ([@b28-mmr-15-05-3001],[@b55-mmr-15-05-3001]). In addition, GAP-43 is a rapid transport membrane phosphoric acid protein found in the growth cones of developing and sprouting CNS axons, which is associated with neuronal sprouting, development, differentiation and regeneration ([@b29-mmr-15-05-3001],[@b56-mmr-15-05-3001]). In the present study, GAP-43 participated in the process of CNS plasticity in response to injury, which is a complex process involving synaptic stability and axonal remodeling, and the level of GAP-43 is additionally predicted to be upregulated in any process that involves axonal membrane remodeling following injury ([@b29-mmr-15-05-3001],[@b57-mmr-15-05-3001],[@b58-mmr-15-05-3001]). Therefore, the present study used GAP-43 as a marker of axonal regeneration, and observed that the expression of GAP-43 was remarkably increased at day 1 and gradually increased to a peak at day 3 or 7, which indicated the altering process of neuronal regeneration following DAI. Hence, GAP-43 may be synthesized in large amounts following DAI, and then shuttled along the axon by fast axonal transport to the site of injury to promote axonal regeneration ([@b56-mmr-15-05-3001]). Although increased expression of GAP-43 has been identified in a DAI rat model in the study, the mechanisms underlying the overexpression of GAP-43 remain unclear. It was observed that in the FK506 intervention group, the expression of GAP-43 was higher than in the DAI group at the same point-in-time, and the peak expression of GAP-43 was observed relatively earlier, at day 1 post-injury. It follows that FK506 promoted a large number of GAP-43 protein synthesis at the injured neurons, and transported from the neuronal bodies to axons, which promoted the regeneration of axons, and accelerate the recovery of nerve function. The upregulation of GAP-43 by FK506 may be associated with the inhibition of CaN activation and promotion of GAP-43 moving from the binding domain of CaN to the injured axons ([@b59-mmr-15-05-3001],[@b60-mmr-15-05-3001]).

In conclusion, the results of the present study indicated that neuronal cell apoptosis and axonal degeneration were observed following experimental DAI. FK506 may serve an important role in anti-apoptosis and attenuating axonal degeneration in experimental DAI by inhibiting the activity of DAPK1. Novel data is provided to suggest that FK506 may promote the axon formation and nerve regeneration after experimental DAI by observing the expressions of GAP-43 and NF-H. Collectively, we summarized that FK506 could reduce the apoptosis of neurons and axon pathological changes following DAI, and relieve the nerve tissue injury. In addition, FK506 may accelerate the regeneration of neurons, and promote the repair of injured brain tissue. However, a study of the precise molecular mechanism of this process remains elusive and further experiments are required to address this aspect.
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![Immunohistochemical and Glees-Marsland staining of the hippocampal CA1 region and brainstem. The axons became varicose, swollen and presented the formation of axonal retraction balls in the injured group (magnification, ×400). (A) The axonal pathological alterations following DAI, as conducted by Glees-Marsland silver staining (white arrowheads, axonal retraction balls; black arrowheads, axonal varicose; black triangles, axonal swelling). (B) The axonal pathological alterations following DAI as conducted by immunohistochemical staining on NF-H (white arrowheads, axonal retraction balls; black arrowheads, axonal varicose; black triangles, axonal swelling). (C) Bar chart presenting the number of axonal retractions balls in the field of view of the hippocampal CA1 region and brainstem in Sham, DAI+Vehicle and DAI+FK506 groups. (D) Bar chart presenting the amount of axonal swelling in the field of view of the hippocampal CA1 region and brainstem in Sham, DAI+Vehicle and DAI+FK506 groups. \*P\<0.05 vs. Sham group; ^\#^P\<0.05 vs. DAI+Vehicle group. DAI, diffuse axonal injury; NF-H, neurofilament-H.](MMR-15-05-3001-g00){#f1-mmr-15-05-3001}

![Immunohistochemistry of DAPK1 in the hippocampal CA1 region and brainstem (magnification, ×200). Photographs of DAPK1 immunohistochemistry staining in the hippocampal CA1 region in (A) Sham, (B) DAI+Vehicle and (C) DAI+FK506 groups. Photographs of DAPK1 immunohistochemistry staining in the brainstem in (D) Sham, (E) DAI+Vehicle and (F) DAI+FK506 groups. (G) Quantitative analysis of the number of DAPK1-positive cells/mm^2^ in the hippocampal CA1 region in Sham, DAI+Vehicle and DAI+FK506 groups at each time point. (H) Quantitative analysis of the number of DAPK1-positive cells/mm^2^ in the brainstem in Sham, DAI+Vehicle and DAI+FK506 groups at each time point. \*P\<0.05 vs. Sham group; ^\#^P\<0.05 vs. DAI+Vehicle group. DAPK1, death-associated protein kinase 1; DAI, diffuse axonal injury.](MMR-15-05-3001-g01){#f2-mmr-15-05-3001}

![TUNEL staining in the hippocampal CA1 region and brainstem (magnification, ×200). Photographs of TUNEL staining in the hippocampal CA1 region in the (A) Sham, (B) DAI+Vehicle and (C) DAI+FK506 groups. Photographs of DAPK1 immunohistochemistry staining in the brainstem in (D) Sham, (E) DAI+Vehicle and (F) DAI+FK506 groups. (G) Quantitative analysis of the number of TUNEL-positive cells/mm^2^ in the hippocampal CA1 region and brainstem in Sham, DAI+Vehicle and DAI+FK506 groups at 3 days post-injury. \*P\<0.05 vs. Sham group; ^\#^P\<0.05 vs. DAI+Vehicle group. TUNEL; terminal deoxynucleotidyl transferase dUTP nick end labeling; DAI, diffuse axonal injury.](MMR-15-05-3001-g02){#f3-mmr-15-05-3001}

![Immunohistochemistry (magnification, ×200) and immunofluorescence (magnification, ×400) of NF-H in the hippocampal CA1 region and brainstem. Photographs of NF-H immunohistochemistry staining in the hippocampal CA1 region in the (A) Sham (B) DAI+Vehicle and (C) DAI+FK506 groups. Photographs of NF-H immunohistochemistry staining in the brainstem region in the (D) Sham (E) DAI+Vehicle and (F) DAI+FK506 groups. Photographs of NF-H immunofluorescence staining in the hippocampal CA1 region in the (G) Sham (H) DAI+Vehicle and (I) DAI+FK506 groups. Photographs of NF-H immunofluorescence staining in the brainstem region in the (J) Sham (K) DAI+Vehicle and (L) DAI+FK506 groups. Quantitative analysis of the number of NF-H-positive cells/mm^2^ in the (M) hippocampal CA1 region and (N) brain stem in Sham DAI+Vehicle and DAI+FK506 groups at 3 days post-injury. \*P\<0.05 vs. Sham group; ^\#^P\<0.05 vs. DAI+Vehicle group. NF-H, neurofilament-H; DAI, diffuse axonal injury; DAPK1, death-associated protein kinase 1.](MMR-15-05-3001-g03){#f4-mmr-15-05-3001}

![Western blot and immunohistochemistry of GAP-43 in the hippocampal CA1 region and brainstem (magnification, ×200). Analysis of GAP-43 in the (A) hippocampal CA1 region and (B) brain stem at each time point following DAI (1, 3 and 7 days). Photographs of GAP-43 staining in the hippocampal CA1 region in (C) Sham, (D) DAI+Vehicle and (E) DAI+FK506 groups. Photographs of GAP-43 immunohistochemistry staining in the brainstem in (F) Sham, (G) DAI+Vehicle and (H) DAI+FK506 groups. Quantitative analysis of the GAP43 in the (I) hippocampal CA1 region and (J) brainstem in Sham, DAI+Vehicle and DAI+FK506 groups at 1, 3 and 7 days post-injury. \*P\<0.05 vs. Sham group; ^\#^P\<0.05 vs. DAI+Vehicle group. GAP-43, growth-associated protein-43; DAI, diffuse axonal injury.](MMR-15-05-3001-g04){#f5-mmr-15-05-3001}
